Abstract. Few studies have examined the influence of natural disturbances, such as windthrow, on soil organic matter formation, stabilization, and loss in soils. In shallow (Ͻ1 m) mountain forest soils, windthrow activity may result in the redistribution and mixing of mineral and organic soil horizons down to bedrock. We studied the patterns of soil carbon, the dominant constituent of soil organic matter, in watersheds along a windthrow disturbance sequence in a mountainous temperate rain forest in southeast Alaska. Our objectives were (1) to evaluate the influence of windthrow and illuviation on the accumulation of soil organic carbon in mineral horizons and (2) to compare the forms of soil organic matter that have accumulated. Soils were described, and the thickness of the major organic and mineral horizons was measured, every 5 m along transects in three watersheds with contrasting windthrow histories. A subset of the soil description sites was randomly selected and then sampled to determine the quantity and quality of soil carbon. Mineral soil samples were physically fractionated based on particle density. Total carbon (C) and nitrogen (N), natural 15 N and 13 C abundance, micromorphologic analysis (using scanning electron microscopy), and solid-state 13 C nuclear magnetic resonance (NMR) were used to compare soil organic matter pools in the three watersheds. The Bh horizon heavy-fraction (Ͼ1.65 g/cm 3 ) C pools decreased from 25 Mg/ha in the least disturbed watershed to 3 Mg/ ha in the most disturbed watershed; whereas light-fraction C pools were similar (4-6 Mg/ ha) across all watersheds. Soil C stocks decreased from 216 Mg/ha in the least disturbed watershed to 157 Mg/ha in the most disturbed watersheds. Evidence was found that mobile organic carbon transported in soil water accumulated in mineral horizons principally through sorption to mineral particles. Strong association with mineral particles was greater in the thicker, presumably older, illuvial horizons. We found light amorphous material in some of these thicker illuvial horizons, suggesting that mobile organic carbon may have been immobilized through flocculation of metal-bearing organic acids. Watersheds that experienced more intense soil mixing from windthrow had lower levels of strongly humified soil organic matter, and more in a partially decomposed particulate form.
INTRODUCTION
Soil organic matter (SOM), which averages ϳ55% carbon (C) worldwide (Nelson and Sommers 1982) , exerts strong control on ecosystem dynamics (soil erosion rates, nutrient cycling, and ecosystem productivity), and its decomposition represents a possibly very large positive feedback mechanism for global warming. Yet the mechanisms of SOM formation, stabilization, and loss remain poorly understood. Even less well documented are SOM pools in mountain forest watersheds and the processes that influence their formation. Watershed-scale processes that may interact to strongly influence stores of SOM include disturbances from humans, fire, or windthrow, and topographic controls on hillslope erosion, and the transport and storage of SOM through lateral and vertical movement of soil water. Other factors include the quality and quantity of forest litter, precipitation (Shuur et al. 2001) , soil mineralogy (Torn et al. 1997) , and temperature. In this study, we examine processes of soil C accumulation and loss, and forms of SOM, in watersheds along a windthrow disturbance sequence in a mountainous temperate rain forest in southeast Alaska.
Large quantities of SOM accumulate in organic and mineral horizons in southeast Alaska (Alexander et al. 1989, Van Cleve and Powers 1995) both through in situ deposition and illuviation (i.e., the accumulation of translocated carbon, iron, and aluminum; Mann 1979, Lundstrom et al. 2000a) . Soil organic matter amounts may also be strongly influenced by windthrow , which may, in some cases, redistribute and mix mineral and organic soil horizons SOIL CARBON AND WINDTHROW FIG. 1. Scanning electron microscopy images. Top left: Intact old soil horizon in which thick organic and mineral soil horizons have developed (Oie, Oa, Bh, Bs). Top right: Soil profile disturbed after windthrow in which developed soil horizons have been disrupted and redistributed resulting in Oie (organic) and Bs (mineral) soil horizons. Bottom: Large root wad associated with windthrow that can cause the disruption and redistribution of organic and mineral soil horizons.
down to bedrock (Fig. 1; Schaetzl 1986 ). Other disturbances, such as fire or widespread insect outbreak, are largely absent from this chronically wet and cool region (Alaback 1996) .
The illuviation of soil C in southeast Alaska results from chemical-physical interactions between dissolved and suspended soil C and mineral soil, a process known collectively as podzolization. Podzolization typically occurs where thick organic horizons (Oi, Oe, Oa) accumulate in wet cool climates. The water passing through organic horizons leaches large amounts of highly reactive fulvic and humic acids that chelate iron and aluminum from upper mineral horizons, resulting in the formation of a white silicon-rich horizon (E) at the surface of the mineral soil. Dissolved metal-bearing organic acids then percolate deeper in the soil, where they eventually accumulate or decompose. The mechanisms of metal and C immobilization remain unclear, especially for aluminum, and are still the subject of considerable research (Farmer 1999) . For dissolved carbon, proposed mechanisms of immobilization include (1) flocculation through organo-mineral interactions, (2) microbial processing and polymerization of organics, and (3) physical sorption, principally to mineral particles (Lundstrom et al. 2000a) . Weaker interactions include ligand exchange, van der Walls bonding, hydrogen bonding, and cation bridging (Dahlgren and Marrett 1991) . Immobilization results in the illuviation of mobile organic carbon, iron, and aluminum to various mineral horizons below (Bh, Bs; Ugolini and Dahlgren 1987) . Although illuvial carbon in mineral soil may decompose over time (Lundstrom et al. 2000b) , it does so slowly and may persist in the soil for Ͼ6000 yr (Theng et al. 1992) .
While the general processes of illuviation and mixing due to windthrow are relatively well understood (Schaetzel et al. 1990 , Lundstrom et al. 2000a , Ulanova 2000 , their influence on soil C dynamics in forested watersheds has not been well studied. In mountainous southeast Alaska and elsewhere, illuviation may result from both lateral and vertical water flow (Hornberger et al. 1994 , Ranville and Macalady 1997 , Sommer et al. 2000 M. G. Kramer, unpublished data) . Soil disturbance is common on steeper slopes, often in association with soil mixing due to windthrow (Schaetzl and Follmer 1990 , Normann et al. 1995 . Soil mixing can lead to both import and export of mineral soil C (Beatty and Stone 1986, Cremeans and Kalisz 1988) . Fine root turnover contributes both dissolved and particulate C directly into mineral horizons (Joslin and Henderson 1987, Brewer 1994 ). Macrofauna are not likely to be a major source of C in mineral soil horizons of these acid (mor) soils since they are relatively scarce (Schaefer and Schauermann 1990) and confined largely to surface organic horizons.
Our first objective was to examine the influence of windthrow and illuviation on the accumulation of soil C in mineral horizons of these mountain forest soils. Previous workers (e.g., Sollins et al. 1983 , Christensen 1992 , Barrios et al. 1996 , Kramer et al. 2003 have separated two distinct pools of soil C in mineral soil, a heavy fraction and a light fraction. Carbon in the heavy fraction is strongly sorbed on mineral particles, while the light-fraction organic matter retains more of its initial biological structure and is less associated with mineral matter. Few studies have investigated factors controlling light-fraction vs. heavy-fraction C accumulation in forest soils (Sollins et al. 1983 (Sollins et al. , 1996 . Heavy-fraction C accumulation in illuvial (Bh) horizons might result from chelation of iron and aluminum by dissolved organic carbon, and its subsequent precipitation or sorption onto mineral soil particles (Zunino and Martin 1977) . Conversely, light-fraction C accumulation could result from mineral and organic particle mixing or root inputs, since it is in particulate form and has weaker chemical and physical association with mineral particles. Our second objective was to compare the forms in which SOM accumulates in major organic and mineral horizons in these watersheds with contrasting disturbance histories.
METHODS
Three forested watersheds with contrasting degrees of disturbance were selected for the study. Soil profiles were described, and the thickness of the major organic and mineral horizons was measured, every 5 m along a grid in each watershed. A subset of these horizons was randomly selected and sampled to determine the quantity and quality of carbon present. Carbon-enriched (Bh) illuvial samples were physically fractionated based on particle density. Some of the samples were dispersed using an ultrasonic probe prior to fractionation to determine if aggregation influenced particle density. Total C and N, natural 15 N and 13 C abundance, solid-state 13 C nuclear magnetic resonance (NMR), and scanning electron microscopy (SEM) were used to characterize and compare soil C pools.
Study site
This work was conducted in the middle of the Tongass National Forest, a vast region of pristine coastal temperate rain forest in southeast Alaska. The forests are distributed throughout the Alexander Archipelago on 7 ϫ 10 6 ha located on Ͼ1000 islands with diverse geology and topography (Alaback 1996) . Soils are characteristically shallow (Ͻ1 m in depth), due to recent glaciation. Podzolization is common largely as a result of year-round precipitation and a cool maritime climate (Heilman and Gass 1974, Alaback 1996) .
Six conifer species dominate the region (Pawuk and Kissinger 1989) ; their distribution is strongly controlled by soil drainage. On well-drained sites, productive western hemlock, Tsuga heterophylla (Raf.) Sarg., and Sitka spruce, Picea sitchensis (Bong.) Carr., forests are common. On less well-drained but still productive sites, hemlock and spruce still dominate with some mixtures of less productive Alaska yellow cedar, Chamaecyparis nootkatensis (D. Don) Spach, and western red cedar, Thuja plicata Donn ex D. Don. At higher elevations (above 400 m), less productive mountain hemlock, Tsuga martensiana (Bong.) Carr., typically replaces western hemlock. Low-productivity mixed conifer-scrub forests often dominated by lodgepole pine, Pinus contorta Dougl. ex Loud. var. contorta, occur extensively on the landscape, along with muskeg plant communities on lower site hydric soils or wetlands (Pojar and MacKinnon 1994, Alaback 1996) .
Extratropical cyclones pass through southeast Alaska every four or five days during winter (Shumacher and Wilson 1986) . Associated with these storms are winds up to, and occasionally in excess of, 40 m/s, persistent cloud cover, and up to 13 m of precipitation annually in the coastal mountains. The trajectory for these low pressure systems, referred to as the North Pacific Storm Track, is largely determined by the location and strength of three semipermanent atmospheric features: the Aleutian low pressure and Siberian high pressure systems in autumn, winter, and spring, giving way to the east Pacific high pressure system in summer. Large interannual changes in storm frequency, intensity, size, and position occur as a consequence of El Niñ o, which penetrates poleward into the Gulf of Alaska generally intensifying storm activity in the region (Schumacher and Wilson 1986) .
High Island (ϳ200 ha) is located in the middle of the Alexander Archipelago on state forest land, ϳ160 km from the mainland and 20 km south of the town of Kake, Alaska (Fig. 2) . Maximum elevation on the island is 150 m. The parent material is fractured basalt. Mean annual precipitation is 1.9 m, with the wettest months occurring during fall and winter. Cloud cover, precipitation, cool ambient air temperatures (4-10ЊC), and high relatively humidity (Ͼ80%) are characteristic throughout the year (M. G. Kramer, unpublished data) . Extreme high and low temperatures are infrequent due to the maritime influence.
Three small watersheds (0.1-0.6 ha in size; WS1, WS3, and WS4) were selected for this study because they have similar topography, parent material, climate, and plant species composition, and differ principally in disturbance history. These watersheds were selected from four previously mapped watersheds (WS1-WS4), which were monitored in a separate study of hydrochemical properties (Kramer 2001 ). WS2 was not included in this study because our sampling resources were limited and because WS2 had a disturbance history very similar to WS1. Elevation ranges from 3 m to 60 m above sea level. Only western hemlock and Sitka spruce are found in the watersheds.
High Island was struck by a catastrophic cyclonic storm in ϳ1905. Forests on the south and west portion of the island show evidence of greater damage from the storm than north to northeast portions (Fig. 2) . WS1, located on the west side, experienced complete stand loss from the storm. Storm effects visible now include many large windthrow mounds (rising to 2 m above the forest floor but more typically ϳ1 m) and pits (sometimes 1 m below the forest floor but more typically ϳ0.5 m) throughout the watershed as well as an even-aged forest that regenerated after the storm. Prior to the 1905 windstorm, limited logging (16 trees/ ha) occurred in WS1 (Fig. 2) . WS3, located on the north portion of the island, shows evidence of partial disturbance (ϳ30%) from the 1905 storm. WS4, located on the northeast portion, shows little evidence of damage from the 1905 storm, such as downed stems or pitand-mound microtopography. The forest in WS4 appears to be older and shows evidence of gap-phase forest development. It is difficult to infer the disturbance history of these three watersheds prior to 1905, but work by Kramer et al. (2001) suggests that topographically exposed portions of High Island may never fully recover from one catastrophic windstorm before the next storm cycles the forest back to an early seral stage. Three major soil types occur on High Island; Spodosols (Lithic or Typic Humicryods), Histosols (Lithic or Typic Cryosaprists), and Inceptisols (Lithic or Typic Dystrochrepts). The soils were very heterogeneous in each watershed due to hillslope position, soil water status, and disturbance dynamics. WS1 is dominated by Inceptisols, WS3 contains a mix of all three, and WS4 is dominated by Histosols and Spodosols.
Damage from past windstorms
The extent of windstorm damage in each watershed was determined by measuring tree age and stem size, and quantifying the area occupied by prominent pitand-mound topography. Tree ages were determined by coring a random sample (Ͼ50%) of overstory trees in each watershed and counting annual growth rings with a dissecting microscope. Cores that were difficult to count were mounted, sanded, and then counted.
Field measurements and sampling
Each watershed was divided into 5 ϫ 5 m grid cells. Soils profiles were determined at each grid intersection (every 5 m) across the entire watershed at 251, 147, and 36 grid points in WS1, WS3, and WS4, respectively. Thickness of major organic and mineral horizons (Ͼ1 cm) was measured at each grid point (Oi, Oe, Oa, A, E, Bh, Bhs, Bs). Horizons were identified based on color and field estimation of organic vs. mineral content (by judging the grittiness of the soil; Soil Survey Staff 1998). For Bs horizons, thickness was determined by measuring depth to bedrock from the top of the Bs with a 2-m steel probe rod. The probe was used four times per soil pit, to increase the chance that true bedrock was reached. For the most part, these four depth measures were in good agreement with one another, suggesting the probe had not hit a rock. In preliminary digging we found that BC and C horizons were thin (Ͻ10 cm) and did not comprise a significant portion of the total profile.
Samples (between 12% and 50%) of each major mineral and organic soil horizon were collected from randomly selected grid points with a 200-mL, 10-cm diameter corer. Soils were weighed, dried for 48 h at 60ЊC, then weighed again to determine wet and dry bulk density. Oven-dried samples were sieved (using 2-mm mesh) to remove large organic and mineral particles and to estimate stone content. A 1-mm sieve was used to further pick out large organic particles including roots, bark, and other identifiable plant parts. The samples were then shipped to Oregon State University for physical and chemical characterization.
Density fractionation
For Bs and Bh mineral soil horizons, a 10-g dry sample of the Ͻ2 mm fraction (i.e., the soil fraction that passed through a 2-mm sieve) was physically separated based on particle density. Samples of dry mineral soil were ground with a mortar and pestle to pass a 0.425-mm sieve. For density fractionation, 10 g of soil were placed in a 110 mL centrifuge tube and suspended in 30 mL of sodium polytungstate (NaPT) at a density of 1.65 g/mL (Strickland and Sollins 1987) . After mixing for 12 h using a low speed shaker, samples were centrifuged for 1 min, and allowed to settle for 48 h. The suspended light fraction was removed by gentle aspiration through a Tygon hose. Remaining solution was then aspirated and discarded, leaving the heavy fraction in the bottom of the tube. The light and heavy fractions were placed on a No. 52 Whatman paper filter (Whatman, Clifton, New Jersey, USA) and rinsed five times with 300 mL of deionized water. Heavy and light fractions were oven-dried overnight (60ЊC), then weighed. Fraction weights were reported as percentage of dry soil weight.
Ultrasonic dispersion (1050 J/mL; see Christensen 1992) was performed on 10 samples to estimate the influence that remaining small aggregates (Ͻ0.425 mm) had on particle density. Dispersion should free light organic particles that may be trapped in aggregates (and possibly microaggregates) in the heavy fraction (Christensen 1992) . After ultrasonication, the same density fractionation procedure was applied. Loss-onignition (LOI) was measured on a subset of the coarse (Ͼ2 mm) fraction from light and heavy Bh samples.
Elemental analysis
Dry samples (Ͻ2 mm) were ground finely with a zirconium mortar and pestle, and loaded into tin boats. Each sample was analyzed for total C, N, ␦ 15 N, and ␦ 13 C using a Europa 20/20 ANCA GSL continuousflow isotope-ratio mass spectrometer (PDZ Europa, Cheshire, UK) at the Rosenstiel School of Marine Science, University of Miami, Florida, USA. One standard was run for every 10 unknowns, and two blanks and standards were included at the beginning and end of each run. Analysis of internal standards indicated an analytical error of Ͻ5% for N and Ͻ2% for C.
Natural isotope ratios were reported as
where R sample and R standard are the heavy and light isotope ratios of sample and standard, respectively. Stores of light and heavy C fractions in soil horizons were calculated for each 25-m 2 cell across the water- sheds by estimating soil horizon thickness from soil pits dug in each cell, along with the average quantity of each type of SOM found in soil samples. Cell quantities were added up for each watershed, divided by area of the watershed, and then expressed as Mg/ha. For thick Bs horizons (Ͼ30 cm), we assumed that the C concentration in the portion of the profile beyond 30 cm was half the measured value for the portion of the Bs horizon that was sampled:
Solid-state 13 C nuclear magnetic resonance (NMR) spectroscopy and microscopy
Solid-state 13 C nuclear magnetic resonance (NMR) allows approximate quantification of three groups of compounds: O-alkyl (carbohydrate), alkyl, and aromatic (Baldock and Preston 1995) . Fresh litter material (needles, wood, and fungal mat), light-fraction and heavy-fraction Bh samples, and samples from Oie and Oa organic horizons were characterized for functional groups using 13 C NMR. We used a Bruker AF-300 solid-state Pulse NMR spectrometer (Bruker Biospin, Rheinstetten, Germany) at the University of Washington with cross polarization and magic angle spinning, equipped with a double-tuned, single-coil probe with an external lock and an Andrew-Beams type spinning apparatus. The magnetic field was 300 MHz (7.0 T) giving a 13 C resonance frequency of 75.46 MHz. Typical parameters were: proton 90Њ pulse, 5 S; contact time, 1 ms; recycle delay, 1 s; spinning speed, 3.5 kHz; number of scans, 3600-5000. Due to the formation of sidebands, which is greater on 300 MHz than on 100 MHz NMRs, oxygen substituted alkyl carbon forms (carbohydrates) are over represented while aromatic carbon forms are under represented. However, this did not affect the internal comparison between samples. Select samples were also examined under a scanning electron microscope (Amray, Bedford, Massachusetts, USA) at the Oregon State University, Department of Botany, in order to study morphological features of organic detritus.
RESULTS

Damage from past windstorms
Recent (Ͻ100-yr-old) prominent pit-and-mound topography was most extensive in WS1, which appeared to have experienced the most damage from the 1905 storm (Table 1) . Eleven percent of the soil surface had pronounced pit-and-mound topography. WS3 had fewer pits and mounds (5% of the area) and trees were older, but WS3 nonetheless showed evidence of partial damage and a distinct pulse of tree recruitment from this storm. WS4 had a wide range of tree ages and no evidence of recent (since 1905) pits and mounds; fallen logs were highly decomposed (Class IV). Trees in WS1 were smaller and higher in density, and most had established after or near the time of the storm (Table 1) . In WS3, trees were older, more variable in age, and comprised at least two distinct age classes (Fig. 3) . WS4 showed evidence of gap-phase forest development, and no distinct pulse of recruitment could be detected. Small-scale, low-intensity disturbances likely explain the present WS4 stand attributes (age, size, and density).
Soil horizon thickness and composition
Soils were shallow on average (Ͻ0.73 Ϯ 0.02 m [mean Ϯ 1 SE]), and bedrock was often reached while profiling the major organic and mineral soil horizons. Frequency distributions of the thickness of major soil horizons from each watershed are shown in Fig. 4 . Mean horizon thickness was not reported because horizons were not found at all grid points, and many of the horizon thickness frequency distributions were nonnormal (negative exponential or uniform) (Fig. 4) . Our estimates of Bs horizon thickness likely included some BC and C material. Presence of horizons thicker than 1 cm and the number of soil samples collected, percentage of Ͻ2 mm fraction, and corrected bulk density (wet and dry) from each horizon in each watershed are reported in Table 2 . Coarse fragment content was calculated by multiplying the corrected bulk density by percentage of Ͼ2 mm fraction and assuming a stone density of 2.65 g/cm 3 . Stone content was likely underestimated with the small core used to collect samples (Table 2) . Bh horizon particles Ͼ2 mm were most abundant in the two more disturbed watersheds (WS1 and WS3; Table 2 ). Soil water content was higher in the older less disturbed watersheds (WS3 and WS4; Table 2 ). 
Density fractionation/elemental analysis
Results from the density fractionation and C, N, and isotope analyses are summarized in Table 3 . On average, ␦ The whole-soil C concentration in heavy-fraction Bh samples was higher in the less disturbed watersheds (6.3 Ϯ 1.0%, 9.4 Ϯ 0.6%, and 13.8 Ϯ 0.5% in WS1, WS3, and WS4, respectively) while light-fraction Bh C concentrations were lower (8.5 Ϯ 0.7%, 5.0 Ϯ 0.4%, and 3.1 Ϯ 0.7% in WS1, WS3, and WS4, respectively; Fig. 5 ). Total C in the light and heavy fractions is shown in Fig. 6 . Watershed-wide total soil C pools were slightly higher (157 Ϯ 6 Mg/ha [mean Ϯ 95% CI], 194 Ϯ 19 Mg/ha, and 216 Ϯ 33 Mg/ha in WS1, WS3, and WS4, respectively) in the less disturbed watersheds (Fig. 7) . However, C stores in a given horizon differed considerably among watersheds. Bh C pools were 7 Ϯ 2 Mg/ha in WS1 (most disturbed), 17 Ϯ 2 Mg/ha in WS3, and 31 Ϯ 6 Mg/ha in WS4 (least disturbed). Carbon in the Oa horizon decreased with increasing disturbance (WS4 ϭ 58 Ϯ 7 Mg/ha, WS3 ϭ 46 Ϯ 8 Mg/ha, WS1 ϭ 17 Ϯ 3 Mg/ha). Ultrasonication prior to density fractionation of Bh samples resulted in recovery similar to that from samples fractionated without ultrasonication (85 Ϯ 3% [mean Ϯ 1 SE] recovery). Mass loss-on-ignition of Ͼ2 mm fraction samples was Ͻ1% (Ϯ0.2).
Solid-state 13 C nuclear magnetic resonance (NMR) spectroscopy
Chemical shifts for major types of carbon compound are shown in Table 4 . NMR spectra from select samples across soil horizons and from fresh litter (Oie organic horizon, needles, and fungal mats) were clustered based on O-alkyl, aliphatic, aromatic, and carboxyl/carbonyl content using a Chebychev distance metric ( Fig. 8 ; Michalski et al. 1981) . The O-alkyl group decreased and aliphatic, carboxyl/carbonyl, and aromatic groups increased with depth (Fig. 9) . Heavy-fraction Bh samples across all watersheds, and all four of the lightfraction Bh samples from WS3, were richest in aliphatic, carbonyl, and aromatic groups. fraction Bh samples (Fig. 10a) . In contrast, we could not discern recognizable plant debris in most of the material in four of the light-fraction Bh sample that were rich in aromatic and carboxyl groups, or in any of the heavy-fraction Bh samples that we examined (Fig. 10b) . These same samples showed micromorphologic similarities to SEM images of precipitated humic acid ( Fig. 10c; e.g., amorphous masses with distinct cracked, but otherwise smooth, surfaces.)
Scanning electron microscopy
DISCUSSION
Evidence for redistribution and loss of soil organic carbon by windthrow
Our results suggest that both windthrow and illuviation strongly influence the accumulation of carbon (C) in mineral soil horizons in forest soils of southeast Alaska. Partially decomposed organic debris (light fraction) was found in all Bh (i.e., C rich) mineral horizons sampled, and the proportion of total C in this form declined with increasing horizon thickness (Fig.  6 ). These thicker, more developed, Bh horizons are probably also older since they were found in watersheds with old trees (Ͼ200 yr) and less evidence of recent soil disturbance. Soil mixing and soil creep due to hillslope processes were observed in all of these steeply sloping watersheds. The organic debris in Bh horizons was likely the result of tree uprooting during windthrow and subsequent slope redistribution processes (Schaetzl and Follmer 1990, Normann et al. 1995) . In the most disturbed watershed (WS1), pronounced pit-and-mound topography occupied 11% of the soil surface. However, the area of soil disturbance (estimated to be in excess of 40% of the watershed area) was larger than that of pronounced pit-and-mound topography. Many pits were likely filled, and mounds smoothed, from slope movement and redistribution of materials.
In situ decomposition of root and mycelial fragments (biotic processes) is an alternative mechanism that can lead to the presence of organic debris in mineral soil horizons. Macrofauna, such as earthworms, are not likely to be a major source of C in this mineral soil because they are relatively scarce and inactive in acid (mor) podzols (Shaefer and Schauermann 1990, Beyer and Irmler 1991) , and were never observed at High Island. Spiers et al. (1986) did find earthworms in mor humus of the coastal temperate rain forests of North America, but activity was restricted to organic horizons. In situ root mortality may contribute C to both deep and shallow mineral soil horizons (McClaugherty and Aber 1982 , Vogt et al. 1983 , Nepstad et al. 1994 ). Earthworms and root death alone are not likely to have resulted in the large accumulations of light-fraction organic matter in Bh horizons or in bare Bs horizons exposed from recent windthrow. We rarely could discern root fragments in the Bh horizons, and SEM and NMR analysis of the Bh soil organic matter (SOM) suggested that fine roots were not a major constituent. We conclude, therefore, that soil mixing from windthrow and subsequent hillslope redistribution processes most likely caused the large accumulations of partially decomposed organic debris in the subsoil. However, we recognize that root-derived C was not well quantified.
Redistribution and loss of soil organic carbon by windthrow across watersheds
Our results suggest that soil mixing from windthrow resulted in the redistribution and overall loss of soil C across entire watersheds and a decrease in the soil organic matter C:N ratio. In addition to redistributing entire soil profiles (organic and mineral soil materials in some cases even down to bedrock), windthrow can warm soil, thus increasing microbial activity (Schaetzl et al. 1989) . In newly formed pits, increased litter accumulation and soil moisture can occur, resulting in accelerated podzolization (Schaetzl et al. 1989 ). Soil drainage can improve on newly formed mounds, resulting in drier soils with higher rates of decomposition (Schaetzl et al. 1989) . The low litter (Oie) C:N ratio in WS1 suggests that the quality of litter increased after windthrow (Table 3) , perhaps due to increased decomposition rates of litter due to increased aeration and warmer soil temperatures. Total C stocks were lower (by up to 59 Mg/ha) in the two more disturbed watersheds (Fig. 7) . Soil C occurred principally in organic (Oie) or deep (Bs) horizons in the more disturbed watersheds, likely due to respiration of the recalcitrant pools (Oa and heavy-fraction Bh) and redistribution of this material to upper and lower horizons during mixing (Fig. 7) . The decrease in total soil C observed in the more disturbed watersheds (up to 59 Mg/ha) was due mainly to a decrease in Bh and Oa horizon C pools (Fig. 7) . Overall the total soil C stocks in each watershed (157-216 Mg/ha) were very close to those reported previously for southeast Alaska (Alexander et al. 1989, Van Cleve and Powers 1995) . The light-fraction Bh pool (ϳ5 Mg/ha) was similar in size across all three watersheds (Fig. 6 ). This suggests that particulate C in this illuvial horizon is relatively constant and neither accumulates nor declines with disturbance.
Evidence for illuviation
More heavy-fraction C was found in the less-disturbed watersheds (Fig. 6) . SEM images and NMR characterization suggest that this heavy-fraction C accumulated through illuviation. SEM images of heavyfraction material found in Bh soil horizons show cracks on the surface of large particles (Fig. 10b) . Such cracks have been shown elsewhere to result from dehydration of gelatinous, hydrated organo-mineral complexes that were transported in soil water to mineral horizons from overlying organic horizons (Deconnick 1980, Pustovoitov and Targulian 1996) . Our NMR analysis shows that much of the heavy-fraction organic matter is composed of carboxyl and carbonyl groups, characteristic of dissolved fulvic and humic acids (Beyer 1996 , Parfitt et al. 1999 ). In the two less disturbed, older watersheds, three differences in illuvial (Bh) mineral horizons were observed: (1) horizons were thicker (Fig. 4), (2) the concentration of C in the heavy fraction was higher (Fig. 5) , and (3) amount of heavy-fraction soil organic matter was higher. All of these differences can be explained by illuvial processes.
Illuviation due both to lateral and vertical soil water transport in watersheds
At our site, the thicker black soil horizons (Oa and Bh) could not be explained by vertical translocation (illuvial) processes alone: (1) white, elluvial soil horizons were thinner and often altogether absent above underlying Bh horizons; (2) the elluvial horizons were concentrated in the upper edges of the watershed, often in the absence of an underlying Bh horizon (not shown); and (3) lateral flow on top of organic (Oa) and mineral (Bh) soil horizons could be observed regularly in soil pits under wet conditions. While lateral flow was observed in all three watersheds, it was observed to decrease in volume and occur deeper with increased disturbance (M. G. Kramer, unpublished data) . Even in the most recently disturbed watershed, however, we saw lateral flow through organic and mineral horizons.
Although both lateral and vertical soil water movement may lead to translocation of carbon to mineral horizons, their relative contributions remain unclear. Translocation of materials via lateral flow may deplete or enrich entire mineral soil profiles down to bedrock, or deposit translocated material in surface organic horizons, depending on factors such as hillslope position, fractured vs. unfractured bedrock, and soil permeability (Scatena and Lugo 1995 , Newmann et al. 1998 , Hagedorn et al. 2000 , Sommer et al. 2000 . Many of the thicker, wetter Oa (black muck) horizons at our site contained high concentrations of inorganic material (20-50%). The source of this inorganic material may be laterally or even upward flowing organo-mineral complexes that were immobilized after transport to these organic horizons. Ecology, Vol. 85, No. 8 FIG. 8 . Clustering of nuclear magnetic resonance (NMR) data based on aliphatic, O-alkyl, aromatic, and carboxyl groups. Clustering of NMR spectra resulted in four distinct groups that varied in the extent of decomposition and generally coincided with different soil horizons (abbreviations: Bh LF, light fraction; Bh HF, heavy fraction). Representative NMR spectra of individual samples are shown. Units on the x-axis are ppm.
Interactions between windthrow and illuviation
Soil mixing resulting from tree uprooting and podzolization may be viewed as opposing processes (Johnson et al. 1987) . In fact, have referred to soil mixing as a process of regressive podzolization. In this view, a succession of soil development processes beginning with podzolization may shift an ecosystem toward a climax condition, unless soil disturbance resets this sequence Mann 1979, Bormann et al. 1995) . This view of the interaction between disturbance and soil development is similar to plant succession in which community succession is reset after catastrophic disturbance-a punctuated equilibrium view of ecosystem change (Pickett and White 1985) . Many studies in New Zealand have reported the presence of brown Inceptisols where Spodosols would be expected (Campbell and Mew 1986 , Schaetzel et al. 1990 , Stewart et al. 1993 , Mew and Ross 1994 , and attributed the presence of these younger soils to soil mixing from windthrow. On a watershed scale, we found that the two watersheds that experienced greater windthrow contained younger soils (Inceptisols) with less evidence of soil horizonation. It is possible that soils in these more disturbed watersheds never reach an advanced stage of podzolization because they are susceptible to repeated storms .
Not all C in Bh horizons originated from illuviation; some was the result of windthrow-driven soil mixing. In thin, poorly developed illuvial horizons, most C was light-fraction, particulate debris, and likely originated from windthrow that occurred during the 1905 windstorm (Figs. 5 and 6, Table 1 ). In WS3, which experienced partial, less recent windthrow, particulate organic debris still comprised 33% of the total C present. In the oldest watershed, which lacked evidence of recent (Ͻ200 yr) windthrow, there was little light-fraction C. Most C in the older thicker illuvial horizons was in the heavy fraction, and likely originated predominantly from immobilization of mobile organic C (Fig. 6) .
Origin of light-and heavy-fraction carbon in Bh soil horizons
In the two older, less disturbed watersheds, most C in the illuvial horizon was in the heavy fraction. The cracked surfaces of these materials, as revealed through SEM and optical images, suggest that they are likely coatings that originated through illuviation (Deconnick 1980) . NMR analysis shows abundant carboxyl and carbonyl groups in this heavy-fraction C (Fig. 9) , which can complex with hydroxylated mineral surfaces. Interactions including ligand exchange and weaker interactions such as cation bridging, anion exchange (outer-sphere complexation), and van der Walls forces may also play a role in the formation of heavy-fraction C (Jardine et al. 1989) .
Thin illuvial horizons were dominated by light (Ͻ1.65 g/mL) organic debris with discernible plant fragments (Figs. 6 and 10a) . Microbial secretions are thought to bind clay and small mineral particles to the larger organic particles (Golchin et al. 1998 ). This form of organo-mineral association (principally physical) can be observed in the SEM images of light-fraction material in the illuvial horizon (Fig. 10a) . Overall, these C pools have weak chemical association with mineral particles, are particulate, and contain identifiable plant and microbial matter.
In some of the thickest and best developed illuvial soil horizons, light (Ͻ1.65 g/mL), heavily processed (based on ␦ 15 N values and NMR analysis) organic matter was found (Fig. 9, Table 3 ). Identifiable plant and microbial fragments could not be discerned in this light-fraction material from either optical or SEM images (Fig. 10) . NMR, isotopic, and SEM analysis suggest strong resemblance of this material to organo-mineral coatings found in the heavy fraction of illuvial horizons. The heavily processed light material also strongly resembled (based on SEM) light NaOH-extracted humic acid, which had been precipitated, then suspended in a 1.65 g/mL solution (Fig. 10b, c) . The origin of this illuvial light material is unclear. Its density, composition, and distinct fracturing suggest that it originated by flocculation or precipitation. This light material was found only in thicker well-developed il-luvial horizons from the older, less disturbed watersheds. In these illuvial horizons, the concentration of heavy-fraction C is high (Fig. 5) . Other environmental factors that might increase precipitation, such as low pH, high aluminum and iron concentrations in solution, and a high carbon:metal ratio, are likely present in these well-developed, thick illuvial horizons.
Forms of soil organic matter (SOM): accumulation and humification
An abundance of diverse SOM forms was found across the watersheds studied. The source materials examined (needles, wood, and a fungal mat) all had distinct C:N ratios, functional group chemistry, and isotopic signatures (Table 3 ). The chemical, physical, and micromorphologic properties of samples collected from major organic and mineral soil horizons show that each horizon contained distinct SOM types and that all horizons were enriched with heavy C and N isotopes relative to source materials (Table 3 , Fig. 10a, b) . This enrichment may be due to the degradation of these source materials in the forest floor. That the ␦ 15 N values for litter and soil in WS4 were lower than in other watersheds may reflect greater contributions from fungal-mat material, which had a very low ␦ 15 N value (Ϫ6.19‰; Table 3 ). During field sampling, more fungal-mat material was observed in the Oie horizon of WS4 than in the other watersheds.
In the absence of windthrow, our results suggest SOM becomes increasingly aliphatic and saturated in both organic and mineral soil horizons (Fig. 9 , Table  2 ). The increase in aliphatic:O-alkyl ratio and heavy isotope enrichment, and decrease in C:N ratio with depth, all suggest that humification of SOM increased with soil depth in each watershed (Fig. 9, Table 3 ; see also Baldock and Preston 1995 , Webster et al. 2000 , Kramer et al. 2003 . Heavy-fraction Bh and Bs horizon organic matter was composed largely of aliphatics and was heavily enriched in 15 N ( Table 3 ), suggesting that organic matter humification in these deeper horizons (and the concomitant stabilization of soil C) resulted from microbial alteration of organics rather than from accumulation of recalcitrant compounds (Kramer et al. 2003) . These results suggest that the forms of organic matter in soil reflect not only the addition of new materials and subsequent processes, such as illuviation, and an increased retention of water that may influence their accumulation throughout the soil profile, but also the ongoing alteration of these materials through microbial processing.
Concluding remarks
Windthrow and other disturbance processes can strongly influence SOM formation and loss. Thus, accounting for such effects could substantially improve estimates of global terrestrial C budgets. At our sites in southeast Alaska, windthrow greatly influenced soil C pools, in part through effects on illuviation. Mobile organic carbon transported in soil water appears to have accumulated in mineral horizons principally through sorption to mineral particles, and the extent of strong association (sorption) with mineral particles was greater in the thicker, presumably older, illuvial horizons. In some of these thick illuvial horizons we found light (Ͻ1.65 g/mL) amorphous material suggesting that mobile organic carbon may be immobilized through precipitation of metal-bearing organic acids.
The accumulation of C in illuvial soil horizons appears to be disrupted and reinitiated by windthrow. Some soil profiles at our sites were mixed and redistributed down to bedrock by windthrow. In the most disturbed watershed the illuvial horizon was thin, weakly developed, and presumably postdated the 1905 windstorm. The C in illuvial horizons that have developed after disturbance can be attributed both to organic C burial from windthrow and subsequent podzolization, although the proportion of partially humified particulate C is lower in these horizons. Windthrow also appears to have resulted in a lower total soil C (up to 57 Mg/ha less than in undisturbed watersheds).
Watersheds that experienced more intense soil mixing from windthrow also had lower levels of strongly humified soil organic matter and higher levels in a partially decomposed particulate form. Such a shift in the C forms may exert strong control on ecosystem dynamics. The redistribution of O horizon material throughout mineral soil may increase its rate of decomposition, but it may also stabilize and shift the forms of C in soil. Redistribution may also increase net ecosystem productivity by creating more favorable environmental conditions for tree growth, due to an increase in soil pH, water permeability, and lower soil bulk density. Other significant ecosystem changes include watershed-wide shifts in stream hydrologic behavior and increased interaction of rainwater with mineral soil (Kramer 2001) .
C accumulation in mineral soil as a result of windthrow and illuviation likely depends on factors such as the quality and quantity of forest litter, precipitation, temperature, soil texture and mineralogy, and the frequency, scale, and severity of disturbance. Once organic matter (OM) enters the mineral soil, as litter, roots, or in solution, the quantities and forms of OM that accumulate are determined by relative rates of stabilization (via changes in recalcitrance, interactions, and accessibility) and loss (through CO 2 evolution and leaching). In these southeast Alaska soils much OM is transported into mineral soil layers, and in the absence of windthrow or landslides, the environmental factors (low soil temperatures, near-saturated soil) favor the accumulation of large, diverse, and persistent stores of mineral soil OM. In forest soils that experience a longer, warmer, dry season, the environmental factors favor greater loss of C (through enhanced microbial activity), resulting in less total soil in C. In these drier or warmer forest ecosystems the effects of windthrow and illluviation on soil C dynamics may still be significant, but the effects may not be as pronounced, because less C would be expected to accumulate in mineral soil horizons even in the absence of disturbance.
